INTRODUCTION
============

How reactant vibrational excitation affects chemical reactions is a long-standing subject of research. For atom-diatom collisions, Polanyi ([@R1]) already rationalized decades ago the first rules linking the influence of vibration to the position of the transition state on the potential energy surface (PES). For systems containing more than three atoms, this question becomes more complicated due to the presence of different vibrational modes and more complex transition-state geometries. Gas-phase studies on neutral-neutral reactions ([@R2], [@R3]) find various forms of influence, which include rate decrease ([@R4]), as well as rate enhancement ([@R5]) and the opening of scattering resonances ([@R6]). Liu *et al.* ([@R7]) have recently discussed whether rate enhancement can, in some cases, be considered a rotational effect. Excitation of vibrational motion also affects surface reactions ([@R8], [@R9]), and vibrational mode specificity has been found in ion-molecule reactions, which had been considered to evolve statistically ([@R10]). In some reactions, the polarization of the excitation laser can exert active steric control ([@R11]). Jiang and Guo ([@R12]) proposed the Sudden Vector Projection (SVP) model to generalize Polanyi's rules for more complex systems. This model treats the reaction within the sudden limit and attributes the enhancement of reactivity by a reactant mode to the projection of its normal mode vector onto the reaction coordinate at the transition state.

Reactions of the type X^−^ + R-Y→X-R + Y^−^ are widely studied as they represent model systems for bimolecular nucleophilic substitution (S~N~2) reactions ([@R13]). In the gas phase, S~N~2 reactions are often characterized by a double-well PES, which stems from the intermediate ion-dipole complexes in the entrance and exit channels on either side of the central barrier ([@R14]). In addition, hydrogen-bonded complexes have been found for small negative ions ([@R15]). For many exothermic reactions, the central barrier lies below the energy of reactants. Nevertheless, it has a substantial influence on the reaction kinetics by introducing dynamical constraints with respect to angular momentum, intramolecular energy transfer, or steric bottlenecks ([@R16]). Conventionally, these reactions have been treated statistically, assuming energy randomization in the intermediate complexes. While this is usually valid for large molecules, it is known that S~N~2 reactions of smaller systems, for example, halide or hydroxyl anions with methyl halides, show nonstatistical behavior and the full dynamics need to be considered for their appropriate description ([@R17], [@R18]). A wealth of atomistic reaction mechanisms could be identified by comparing experimental velocity and angle differential cross sections with quasi-classical trajectory (QCT) calculations ([@R19], [@R20]). The branching ratio into these mechanisms is influenced not only by the shape of the PES but also by dynamical effects ([@R21]).

Because of the textbook colinear approach, methyl CH symmetric stretching vibrations have often been considered spectators for nucleophilic substitution, while CY vibrations are expected to enhance the reaction rate. However, Mikosch *et al.* ([@R22]) found that the colinear C~*3v*~-symmetric approach is not always followed. Measurements of reaction rate constants for S~N~2 reactions at different temperatures supported the spectator mode picture for statistically excited ensembles ([@R17]). Early foundational work on trajectory simulations has shown that mode-selective vibrational excitation may enhance the reactivity of S~N~2 reactions ([@R23], [@R24]). Previous works ([@R25], [@R26]) found indirect evidence on the role of specific vibrations by exciting vibrations of the entrance channel complexes. These findings have been supported by QCT calculations ([@R15]) but challenged by quantum dynamical calculations ([@R27]). The latter predict an influence of all symmetric vibrational modes on the reaction rate of Cl^−^ with CH~3~Br. Recent quantum wavepacket dynamics simulations predict a change from rate enhancement to rate reduction with increasing collision energy upon excitation of the CY bond ([@R28]). In these studies, the CH~3~ umbrella mode has been found to have little influence. Recent trajectory calculations predict a small rate enhancement for the F^−^ + CH~3~Cl S~N~2 reaction by CH stretching vibrations ([@R29], [@R30]), while quantum dynamics calculations predict inhibition upon CH stretching excitation, but all these results show strong collision energy dependence. Clear predictions are also hampered by the fact that full-dimensional calculations can only be performed classically, while quantum calculations are limited to at most six of the at least 12 dimensions of the inter- and intramolecular dynamics.

Here, we directly address the question of spectator mode dynamics experimentally. We probe whether the symmetric CH stretching vibration in CH~3~I is a spectator mode during the S~N~2 reaction with F^−^. For this, we make use of the proton transfer reaction, which may also occur between the same reactants and leads to a deprotonated methyl iodide, CH~2~I^−^, product ion ([@R31])$$\begin{matrix}
\left. F^{-} + CH_{3}I\rightarrow CH_{3}F + I^{-}\Delta\mathit{H} = - 1.96~\text{eV} \right. & {(S_{N}2)} \\
\end{matrix}$$$$\begin{matrix}
\left. \rightarrow HF + CH_{2}I^{-}\Delta\mathit{H} = + 0.69~\text{eV} \right. & {(\text{Proton\ transfer})} \\
\end{matrix}$$

In contrast to the S~N~2 reaction, which is exoergic and shows a high reaction rate coefficient up to 1 eV of collision energy ([@R32]), the proton transfer reaction is endoergic \[see [Fig. 1](#F1){ref-type="fig"} for the stationary points along the reaction coordinate taken from ([@R33])\]. Both reaction channels feature the same prereaction complex, which is characterized by a hydrogen bond between the nucleophile F^−^ and a hydrogen atom of the methyl moiety (see [Fig. 1](#F1){ref-type="fig"}). The energy profile of the proton transfer channel is rather flat once the initial barrier is overcome. Three closely lying transition states are found in which the HF is already preformed. One can expect vibrational excitation to promote the proton transfer reaction ([@R34]). Consequently, by studying both reactions in parallel, we can analyze the influence of the CH stretching vibration for both reactions at the same time.

![Stationary points along the reaction coordinate of the reaction F^−^ + CH~3~I for the S~N~2 and the proton transfer reaction channel \[taken from ([@R33])\].\
Both reaction channels proceed via the same pre-reaction complex, in which the fluoride anion is hydrogen-bonded to an H atom. The transition state of the S~N~2 is submerged, whereas a barrier exists for the proton transfer. Intrinsic reaction coordinate computations find three interconnected proton transfer pathways. The \[FH\--CH~2~I\]^−^ transition state of the most direct pathway, which is marked in green, is used for the SVP analysis. The relative translational collision energies are marked with the light orange lines, and the total translational and vibrational energy of the CH-stretch excited reactants is marked with the bright orange line. The inset shows a sketch of the scattering experiment with CH~3~I excited in the symmetric (*a*~1~) CH stretching mode at 2971 cm^−1^ or 0.37 eV.](aas9544-F1){#F1}

RESULTS
=======

We recorded the I^−^ product ions of the S~N~2 reaction and CH~2~I^−^ ions resulting from the proton transfer reaction with a velocity map imaging spectrometer. Angle and energy differential scattering cross sections are obtained for both product ions, alternating with and without the vibrational excitation laser present, as detailed in the Materials and Methods section. For the reactants, a relative collision energy of 0.71 eV is chosen, which is slightly smaller than the energy necessary to promote the proton transfer channel, as this starts to appear at a collision energy of approximately 0.8 eV ([@R31]). Excitation of one quantum in the CH symmetric stretch (near 2971 cm^−1^ or 0.37 eV) is sufficient to overcome the threshold for proton transfer. The difference signal between the scattering experiments with infrared (IR~on~) and without IR excitation (IR~off~) provides a direct measure of the effect vibrational excitation has on the reaction rate. The simultaneous recording of both reaction channels allows a direct comparison of the intensities of I^−^ and CH~2~I^−^ product ions with and without the vibrational excitation laser present.

[Figure 2](#F2){ref-type="fig"} shows time-of-flight traces for the relative collision energy of 0.71 eV with and without IR excitation compared with a trace for a collision energy of 1.17 eV, where the proton transfer channel is energetically open. [Table 1](#T1){ref-type="table"} presents the number of counts for both channels and the difference signal, including the respective statistical counting errors. The total recorded counts of more than 7 × 10^5^ show that the S~N~2 channel is by far the dominant reaction channel. We found a relative enhancement of the count rate of 0.30 ± 0.23%, which is barely statistically significant. Although the total number of counts is significantly less in the proton transfer channel, its relative enhancement of 31 ± 5% is a hundred times that of the S~N~2 reaction and much larger than the statistical accuracy. However, note that on an absolute scale, the enhancement of the product flux in the proton transfer channel is smaller than in the S~N~2 channel. The proton transfer signal without infrared excitation, at a collision energy that is close to the threshold energy, is attributed to the high-energy tail of the collision energy distribution. To quantify the change in the reaction cross section, the fraction of vibrationally excited CH~3~I molecules within the interaction region is a requirement. This excited fraction was determined to be 1.4 ± 0.5% by taking the spatial and temporal overlap of all three beams into account, that is, neutral beam, ion beam, and laser beam, as shown in [Fig. 3](#F3){ref-type="fig"} (see Materials and Methods below). For the S~N~2 reaction, this leads to a measured increase of the reaction cross section due to vibrational excitation by 21 ± 16%, which is again barely statistically significant. For comparison, increasing the translational energy by an amount similar to the vibrational excitation leads to a slight reduction of the rate coefficient ([@R32]). Taking the excited fraction into account, the proton transfer reaction is enhanced by a factor of 22 ± 4, two orders of magnitude more than the S~N~2 reaction, in line with the opening of this reaction for all vibrationally excited molecules.

![Time-of-flight traces of the reaction products of the F^−^ + CH~3~I reaction for two different relative collision energies.\
The conversion to atomic mass units (amu) is plotted on the upper horizontal axis. At the lower collision energy, we performed every other ion-molecule crossing with the infrared excitation laser present. The difference signal is plotted in red.](aas9544-F2){#F2}

###### Product ion counts with and without vibrational excitation for the S~N~2 and proton transfer reaction channels at a collision energy of 0.71 eV.

                    **Counts (IR~on~)**   **Counts (IR~off~)**   **(IR~on~-IR~off~)**   **Rel. difference**   **Relative rate increase\***
  ----------------- --------------------- ---------------------- ---------------------- --------------------- ------------------------------
  S~N~2             389,726               388,552                1174 ± 882             (0.30 ± 0.23)%        0.21 ± 0.16
  Proton transfer   1,191                 911                    280 ± 46               (31 ± 5)%             22 ± 4

\*The rate increase is based on an excited fraction of (1.4 **±**0.5)% (see the Materials and Methods section for details).

![Illustration of the overlap of the overlap of the molecular beam, ion beam, and laser beam and laser beams in the center of the velocity map imaging spectrometer.\
From the overlap integral, we determined the excited fraction of the neutral molecules in the reaction volume.](aas9544-F3){#F3}

The experimental finding shows that the CH symmetric stretching mode acts as an almost complete spectator in the nucleophilic substitution reaction. To investigate this further, we performed QCT simulations on an ab initio--based full-dimensional PES ([@R33]) for reactions with methyl iodide in *v*~1~ = 0 and 1 (see Materials and Methods section for details). We obtained total cross sections for the S~N~2 reaction of 13.0 Å^2^ for *v*~1~ = 0 and 13.9 Å^2^ for *v*~1~ = 1 at the same collision energy of 0.71 eV, as in the experiment. This corresponds to a change in cross section due to vibrational excitation of only 6%, which agrees very well with the experimental observation that the CH symmetric stretching vibration acts as a spectator in this reaction. In the QCT simulation, we also find almost no difference for the reaction probability as a function of the impact parameter of the collision, which further strengthens the spectator character of the excited vibrational mode. For the proton transfer, our QCT calculations find an enhancement factor due to vibrational excitation of at least 4, with the result strongly depending on the treatment of the zero-point energy. Earlier QCT calculations for the reaction F^−^ + CH~3~Cl also found that the cross section for proton transfer is significantly enhanced for CH vibrationally excited CH~3~Cl compared to the reaction of ground-state molecules. There, the excitation of the CH symmetric stretch has a slightly larger effect on the S~N~2 channel of about 10 to 30% increase, depending on collision energy ([@R29]). In contrast, for the S~N~2 reaction Cl^−^ + CH~3~Br, Hennig and Schmatz ([@R27]) questioned the spectator character of the symmetric CH stretching mode. In quantum dynamics calculations, they found that the influence of the CH symmetric stretch is not negligible but, instead, increases the cross section by more than one order of magnitude compared to the ground state and the introduction of the same energy in the form of translation. This result disagrees with our combined experimental and theoretical finding of spectator-like behavior of this vibrational mode in the present S~N~2 reaction. We surmise that this is caused by the reduced dimensionality of the quantum scattering calculations, but further investigations are needed to clarify this.

We obtained more information on the dynamics of the vibrationally mediated proton transfer reaction from the differential scattering cross section measured for this reaction. Specifically, we extracted the differential scattering data from the difference of the CH~2~I^−^ product ion velocity maps with and without vibrational excitation at a collision energy of 0.71 eV. These data are shown in [Fig. 4](#F4){ref-type="fig"} (top panels). We compare them to the scattering distribution of CH~2~I^−^ ions from the reaction of ground-state CH~3~I molecules at a collision energy of 1.17 eV, which corresponds to a similar total energy (bottom panels in [Fig. 4](#F4){ref-type="fig"}). Besides the larger statistical fluctuations, the differential cross sections for the proton transfer reaction from vibrationally excited reactants agree fairly well with the data obtained for proton transfer that is activated by translational energy. Thus, adding energy in the form of vibration or translation does not change the dynamics of the proton transfer reaction. This is directly visible in the two-dimensional (2D) images in [Fig. 4A](#F4){ref-type="fig"} and more quantitatively shown in the angular scattering and internal energy distributions ([Fig. 4](#F4){ref-type="fig"}, B and C). The product ions are scattered predominantly isotropically with a slight propensity for direct forward and backward scattering. For the vibrational ground state, this agrees with previous experiments ([@R31]) and direct dynamics simulations ([@R35]). Our QCT simulations also reproduce the angular and energy distributions reasonably well, both for the ground and the excited vibrational state, as shown in [Fig. 4](#F4){ref-type="fig"} (B and C).

![Differential scattering data for the reaction F^−^ + CH~3~I → CH~2~I^−^ + HF for ground state and vibrationally excited CH~3~I molecules compared to results from QCT simulations.\
(**A**) Center-of-mass angle and velocity differential cross sections for CH~2~I^−^ ions at 0.71 eV (top) and 1.17 eV (bottom) collision energy. We obtained the distributions at 0.71 eV collision energy by subtracting the contribution of ground-state reactions from the signal for reactions obtained with CH~3~I (*v*~1~ = 1) vibrationally excited molecules. The red circle indicates the kinematic cutoff. Relative orientations of the velocity vectors are indicated in the Newton diagram. (**B**) Measured (black line) and simulated (red line) angular distributions are shown for vibrationally excited and ground-state reactants. Both velocity integrated angular distributions show an isotropic component and a small amount of forward and backward scattering. (**C**) Measured internal energy distributions (black line) for the product species are in good overall agreement with the QCT simulations (red line). The internal energy is expected to be locked up in CH~2~I^−^, as previous simulations already showed that HF acquired almost no internal excitation ([@R35]). We found a similar degree of internal excitation for CH~2~I^−^ for experiments with and without IR excitation.](aas9544-F4){#F4}

To better understand the influence of different reactant vibrational modes on the S~N~2 and the proton transfer reactions, we applied the SVP model, a well-defined generalization of the classical Polanyi rules, to the present reactions (details are given in the Materials and Methods section). This allows us to compare the effect of adding translational or vibrational energy on the reaction cross section. The SVP model is only valid for direct reaction mechanisms; indirect channels with energy randomization in the entrance well would undercut its validity ([@R30]). However, at the present collision energy, the QCT simulations show that direct channels account for more than 50% of the reactivity. [Table 2](#T2){ref-type="table"} shows the SVP values for S~N~2 reactions via backside attack of the nucleophile. We find a rather small value for the CH symmetric stretching mode, more than five times smaller than the value for adding translational energy. This is consistent with the relatively inefficient coupling of the vibrational mode to the reaction coordinate at the transition state and thus the general spectator mode behavior of the symmetric CH stretch. The SVP analysis shows that the most effective form of promoting the S~N~2 reaction will be the excitation of the CI stretching vibration. Our QCT calculations support this finding, but previous experiments disagree with this ([@R32]). For the direct proton transfer pathway (see [Fig. 1](#F1){ref-type="fig"}), the SVP analysis found the CH symmetric stretching vibration to have a strong coupling with the reaction coordinate at the transition state (see [Table 2](#T2){ref-type="table"}).

###### SVP values for normal modes of CH~3~I projected onto the reaction coordinates at transition states for the proton transfer and the nucleophilic substitution channel.

                          **Proton transfer**   **Nucleophilic substitution**
  ----------------------- --------------------- -------------------------------
  CI stretch              0.22                  0.78
  CH~3~ rocking           0.09                  0.00
  CH~3~ umbrella          0.76                  0.24
  CH~3~ deformation       0.30                  0.00
  CH symmetric stretch    0.33                  0.03
  CH asymmetric stretch   0.10                  0.00
  Translation             0.02                  0.16

DISCUSSION
==========

The observed ineffectiveness of the excitation of the CH symmetric stretching vibration provides direct experimental proof of the spectator mode character of this vibration for the nucleophilic substitution reaction. Our combined experimental and computational work demonstrates that probing of mode-specific dynamics is possible in polyatomic physical organic chemistry reactions, where the SVP model provides a powerful generalization of the Polanyi rules. In the future, the reaction dynamics following vibrational excitation in the very interesting lower-frequency umbrella and CI stretching modes will also become accessible. Our results also pave the way for studies on the mode-selective control of the branching into very different reaction mechanisms in polyatomic reactions. It will be particularly interesting to investigate vibrational control of the competing nucleophilic substitution and elimination reactions that have been disentangled recently ([@R36]).

MATERIALS AND METHODS
=====================

Crossed-beam ion imaging
------------------------

A detailed description of the experimental setup and the data analysis was published before ([@R22], [@R37]), and only a brief description of the experimental procedures is given here. An ion beam of fluoride anions was produced by a pulsed plasma discharge of NF~3~ seeded in argon. The F^−^ ions were mass-selected and transferred into a radio frequency octopule ion trap where they thermalized in a buffer gas at room temperature. Ion extraction was adjusted to yield energy distributions with a tunable kinetic energy and a typical full width at half maximum (FWHM) of below 200 to 250 meV. In the center of the velocity map imaging spectrometer, the ions were crossed at 60° with a supersonic molecular beam of methyl iodide molecules seeded in argon (\~10% CH~3~I/Ar). In the center-of-mass frame of reference, the collision kinematics led to a spread of the relative collision energy of below 170 meV FWHM. I^−^ product ions were extracted normal to the scattering plane and mapped onto a position and time-sensitive detector. Simultaneous recording of the 2D position vector on the detector and the time of flight of the product ions enabled us to determine the 3D velocity vector and the branching into competing reaction product channels ([@R38]).

Reactant vibrational excitation
-------------------------------

At the collision energy of 0.71 eV, reactive scattering events were alternately recorded with either all CH~3~I molecules in the vibrational ground state or with a fraction of the molecules in the *v*~1~ = 1 vibrationally excited state. Vibrational excitation was provided before scattering by IR laser pulses (0.2 mJ per pulse) at a frequency of 2971 cm^−1^ (0.37 eV) produced by difference frequency mixing of the light of a pulsed dye laser (Radiant Dyes) with a seeded Nd:YAG laser (Innolas). The crossed-beam imaging experiment was operated at a repetition rate of 20 Hz. The infrared laser pulses with a repetition rate of 10 Hz were synchronized such that every other ion-molecule crossing occurs with and without infrared excitation, respectively. The obtained time-of-flight spectra at 0.71 eV collision energy are presented in [Fig. 2](#F2){ref-type="fig"}, together with a time-of-flight trace at the higher collision energy of 1.17 eV. Counting the number of events in the shaded regions yields the data presented in [Table 1](#T1){ref-type="table"}.

The fraction of excited molecules was probed by a scheme adapted from Hu *et al.* ([@R39]). At first, the infrared excitation pulse was passed through the molecular beam entrained with CH~3~I. Then, CH~3~I was photodissociated with 266 nm laser pulses, and the CH~3~ fragments were subsequently ionized by 2 + 1 resonance-enhanced multiphoton ionization, selectively addressing fragments in the vibrational ground state. Vibrational excitation of CH~3~I leads to depletion of the ground-state CH~3~ fragment signal, since the CH stretching vibrational excitation is preserved in the fragment. From the difference in count rate, a depletion value of 2.0 ± 0.2% was determined, which amounted to the fraction of excited CH~3~I molecules in the interaction volume of the detection lasers.

The interaction volume of molecular and ion beam further limits the fraction of excited CH~3~I molecules that can possibly react with the fluoride anions. Thus, the temporal and the spatial overlap of all three beams involved should be considered. The temporal propagation of the excited molecules was taken into account by a delay between excitation and extraction. The determination of the spatial overlap requires knowledge of the positions of each beam. We performed an analysis of the spatial distribution of the ion beam. The position of the beam can be projected onto the detector using spatial map imaging ([@R40]). The mean position and the extension perpendicular to the propagation directions were approximated by a Gaussian distribution. Cylindrical symmetry of the beam was assumed due to last lenses within the beam path being cylindrical. The vertical dimension of the neutral beam was determined by scanning the laser through the beam. Again, cylindrical symmetry was assumed. The position of the beam was probed by spatial mapping of the CH~3~I^+^ cations produced by laser ionization. The size of the laser beam was measured by blocking the beam with a movable razor blade and recording the transmitted power. The relative overlap of all three beams was then determined from the 3D overlap integral of the beams (see [Fig. 3](#F3){ref-type="fig"}). The ratio between the overlaps amounted to 0.65. Thus, on average, 65% of the CH~3~I molecules interacting with the ion beam were excited to the mean excited fraction. This gave an effective mean excited fraction of 1.4 ± 0.5% in the interaction region of the crossed beams.

Intramolecular vibrational energy redistribution of the infrared excitation in the fundamental CH stretching vibration was not expected to be important, since its frequency does not overlap with harmonics of the lower vibrational modes. We verified this experimentally by measuring the excited state fraction for different delays between the excitation pulse and the detection pulses up to several microseconds, and we did not detect any changes in the excited-state fraction.

Dynamics simulations
--------------------

QCT computations were performed at collision energies of 0.71 and 1.17 eV for the F^−^ + CH~3~I (*v*~1~ = 0,1) reactions using a global, ab initio, analytical, full-dimensional PES ([@R33]), which describes both the S~N~2 and proton transfer channels. The initial ground and symmetric CH stretching excited vibrational state were prepared using standard normal mode sampling. The rotational angular momentum (rotational temperature) of CH~3~I was set to zero by initial velocity adjustments. The relative orientations of the reactants were randomly sampled, and the initial distances were (*x*^2^ + *b*^2^)^1/2^, where *b* is the impact parameter and *x* is set to 20 bohr (10.6 Å). *b* was scanned from 0 to *b*~max~ with steps of 0.5 bohr, where the *b*~max~ values were 13.0 bohr at 0.71 eV and 11.0/11.5 bohr at 1.17 eV for *v*~1~ = 0/1. Five thousand trajectories were computed at each *b*; thus, this study considered roughly half a million trajectories. Integral and differential cross sections were obtained by a *b*-weighted numerical integration of the reaction probabilities over impact parameters.

Sudden Vector Projection model
------------------------------

The SVP model ([@R12]) is based on the premise that the ability of a reactant mode in promoting the reaction is proportional to its coupling with the reaction coordinate at a transition state. This correlation is reasonable for direct reactions in which the collision time is significantly shorter than that needed for intramolecular vibrational energy redistribution of the reactants. This model can be considered as a generalization of the Polanyi rules for atom-diatom reactions ([@R1]), which attribute the relative efficacies of the reactant vibrational and translational excitations to the location of the transition state. The SVP model was successfully demonstrated in a large number of reactions ([@R41]), including the F^−^ + CH~3~Cl S~N~2 reaction ([@R30]).

The SVP model was applied here to rationalize the mode specificity in both the S~N~2 and proton transfer reactions. In the S~N~2 reaction, we focused on the backside attack transition state as the frontside attack represents a minor channel. For the proton transfer reaction, we concentrated on the primary transition state, which is also involved in the double-inversion pathway ([@R33], [@R42]). This was based on the fact that this transition state is directly involved in the cleavage of the CH bond, whereas the other pathways involve much more complex intrinsic reaction coordinates. The SVP values for the proton transfer transition state are collected in [Table 2](#T2){ref-type="table"}, along with those for the Walden inversion transition state.
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